We investigate the mass profiles of clusters in MOND for a sample of galaxy groups and clusters with temperatures ranging from 0.7 to 8.9 keV. We confirm that a huge hidden mass component, about two to three times more massive than the total visible mass (at the last measured radii, dropping thereafter), is needed to account for the hydrostatic equilibrium of these clusters. For the massive systems (T > ∼ 5 keV) we show that neutrinos with masses just below the experimentally detectable limit (m ν = 2eV ) can account for the bulk ( > ∼ 90%) of this hidden mass, in agreement with Sanders (2007), and confirming the results of Pointecouteau & Silk (2005) that these neutrinos leave a further minor residual (most probably baryonic) component in the centers (r < ∼ 120kpc) However, the fractional contribution of the residual mass to the total MOND mass increases subtantially with decreasing mass, reaching as high as ≈ 80% for MOND masses below 10 13 M ⊙ . In these lowest mass systems this residual mass cannot be explained by simply rescaling the stellar mass profile of the central galaxy. The stellar mass profiles not only have the wrong shape, but they also would require unlikely large K-band mass-to-light ratios between 2 and 11 for the BCG. Therefore, a MOND Universe filled with massive neutrinos cannot obviate the need for dark matter in X-ray bright groups.
INTRODUCTION
Recently obtained data from the cosmic microwave background (Spergel et al. 2006 ), large scale structure and type Ia supernovae would have us believe we inhabit a Universe dominated by some hitherto experimentally undetected dark matter requiring an extension to the current standard model of particle physics (cold dark matter, CDM) and something called dark energy, which no one can claim to understand, which drives the acceleration of the expansion of the Universe (Chernin et al. 2007 ). However, observations appear to thwart the extrapolation of this ΛCDM theory from its cosmological basis to the galaxy scale because they contradict a sizeable list of CDM predictions (e.g., Moore et al. 1999; Gentile et al. 2004; Simon et al. 2005; Famaey & Binney 2005; Kuzio de Naray et al. 2005) .
Actually, the observed tight correlation between the mass profiles of baryonic matter and dark matter at all radii ⋆ email: gwa2@st-andrews.ac.uk in spiral galaxies (e.g. McGaugh et al. 2007; Famaey et al. 2007a ) would rather lend support to modified Newtonian dynamics (MOND, Milgrom 1983abc ), a theory postulating that for accelerations below a0 ≈ 10 −10 m s −2 the effective gravitational attraction approaches (gN a0)
1/2 where gN is the usual Newtonian gravitational field.
Without resorting to CDM, this simple prescription is known to reproduce galaxy scaling relations (Tully-Fisher, Faber-Jackson, fundamental plane) as well as the rotation curves of individual galaxies (Sanders & McGaugh 2002) over five decades in mass ranging from tiny dwarfs (e.g., Milgrom & Sanders 2007; Gentile et al. 2007 ) through earlytype discs (Sanders & Noordermeer 2007) to massive ellipticals (Milgrom & Sanders 2003) . In particular, the recent kinematic analysis of tidal dwarf galaxies by Bournaud et al. (2007) strongly argues in favour of MOND, and is highly unlikely to be explained within the classical CDM framework (e.g. Gentile, Famaey et al. 2007 and Milgrom 2007) .
Groups of galaxies were studied by Milgrom (1998 Milgrom ( , 2002 by checking the stellar mass to light ratio required for consistency with the line of sight velocity dispersion of the group galaxies w.r.t. the centre of mass. This method found mass to light ratios of around a solar unit which bears the hallmark of no mass discrepancy, however, it cannot probe the need for dark matter at smaller radii than these presumably largely separated galaxies. Of course, it is probable that this is correct in the context of low mass groups, but for Xray bright groups and clusters a better gauge of dynamical mass is found using measurements of the properties of the X-ray gas. Using this technique and others, MOND cannot as yet explain the mass discrepancy in X-ray emitting clusters of galaxies: consequently, they still require substantial amounts of non-luminous matter.
Recently, weak gravitational lensing (Angus et al. 2007; Takahashi & Chiba 2007) , a technique which disregards the state of equilibrium, has provided a similar result and an extremely important constraint on the nature of all the missing mass i.e. that it must be of a collisionless nature (Clowe et al. 2006; Bradac et al. 2006; Angus et al. 2007 ). .
One solution would be that this hidden mass is in the form of collisionless baryons (e.g., MACHO's, or small dense clumps of cold gas), but it has also been assumed (Sanders 2003) that the dynamical mass problem in galaxy clusters could be resolved by the addition of a component of massive neutrinos mν ∼2eV, i.e. very near their maximum experimental mass. These were indeed shown to be potentially consistent with the majority of clusters with temperature greater than 4 keV by Sanders (2003) , and with the bullet cluster (Angus et al. 2007 ). This hypothesis has the great advantage of naturally reproducing the proportionality of the electron density in the cores of clusters to T 3/2 , as well as global scaling relations (Sanders 2007) .
In a recent survey, Pointecouteau & Silk (2005, hereafter PS05) studied a large sample of hot clusters (>4keV) and found that the density of the dark matter was generally far greater than allowed by the Tremaine-Gunn limit on neutrino density. However, this result was not damning because the dynamical mass that could be accounted for by neutrinos under the Tremaine-Gunn limit was generally more than 90%. Nevertheless, the need for a second variety of DM was shown. This is also apparent from fits to the bullet cluster in Angus et al. (2007) where the size of the neutrino core is just barely adequate for a fit to the main cluster within the errors, whereas the sub cluster requires a boost to the density of the sub cluster not achieved by neutrinos.
Something that has never been studied before in the literature is the application of MOND to X-ray emitting groups and cool clusters in the range 0.7< T <3.0keV. The closest anyone has come is the study of the large elliptical NGC720 by Buote & Canizares (1994) which has T∼0.6eV. They showed that the major axis of the isophotes of the X-ray emission were significantly offset from the major axis of the galaxy requiring dark matter of at least 4 times the mass of the visible matter. This observational result had the problem of being unique, although current surveys are looking for and have tentatively found similar systems.
Here we used the high quality galaxy group data from Gastaldello et al. (2006) and cluster data from Vikhlinin et al. (2006) , and did a systematic check of the mass profiles of the necessary hidden mass in clusters required for hydrostatic equilibrium of the X-ray emitting plasma, by subtracting the X-ray gas and the brightest cluster galaxy (BCG).
This confirmed the results of Pointecouteau & Silk (2005) i.e. that the central cores of hot clusters had densities that were too large to be consistent with 2eV neutrinos. More significantly, we show that all groups have their dynamical mass dominated by this residual mass because groups are too cool to allow neutrinos to cluster densely enough. This is far more serious than for the clusters (i.e. T> 4keV ) because whereas clusters require a massive residual component of mass within ∼120kpc, their virial radius (in MOND) is of the order of a Mpc and neutrinos and gas can account for the vast majority of the dark matter builds up towards the virial radius; the groups have virial radii of ∼ 100−200kpc so this residual mass is all that is required and it is ∼ 60 − 80% of the total mass.
If ordinary neutrinos do have a 2eV mass and make their maximum contribution to the density of the groups and clusters, the residual mass in the central 120kpc (after taking into account the neutrinos) corresponds to a massto-light ratio between 2 and 11 for the BCG in the K-band. This is unfeasible and must be some hitherto undetected mass.
DATA
We use results obtained primarily from two recent studies of X-ray clusters. We use the published results of Vikhlinin et al. (2006) for 8 of the most massive clusters (2 keV < T < 9 keV). For low-mass clusters (groups) we use results for 16 groups of galaxies (1-2 keV) from the recent work of Gastaldello et al. (2006) and another low-mass cluster (A2589) from Zappacosta et al. (2006) . Finally, we include the elliptical galaxy NGC 4125 (T ∼ 0.5 keV) from Humphrey et al. (2006) to extend our sample down to the galaxy scale.
The objects in our sample are listed in Table 1 . We refer the reader to the references for details on the contruction of the density, temperature, and Newtonian mass profiles. We note that for the massive systems in the Vikhlinin et al. sample we exclude the central ∼ 20 kpc from the analysis. We do this for consistency with their study, even though some of their systems (most notably A2029), do not exhibit substantial morphological irregularities in their cores that would lessen the validity of the approximation of hydrostatic equilibrium.
MOND DYNAMICAL MASS IN GROUPS AND CLUSTERS
To compute gravitating masses we assume the intracluster medium is represented by a spherical single-phase ideal gas in hydrostatic equilibrium. Although the X-ray isophotes of relaxed clusters are approximately circular with modest ellipticity, the underlying mass distribution is inferred to have substantial ellipiticy (0.4-0.6; Buote & Canizares 1996) . Nevertheless, many previous studies have shown that assuming spherical symmetry for relaxed clusters introduces fairly small errors < ∼ 20% which are acceptable for our purposes (e.g., Tsai, Katz, & Bertschinger 1994; Navarro et al. 1995; Buote & Canizares 1996; Evrard et al. 1996; Gavazzi 2004) We derive the MOND dynamical mass for each system following the approach of Sanders (1999) . From the temperature and density profiles of the hot gas, the centripetal gravitational acceleration, g, can be deduced from the equation of hydrostatic equilibrium independently of gravitational theory:
where w is the mean molecular weight and wmp = 5.2 × 10 −58 M⊙, G = 4.42 × 10
⊙ ) is Newton's gravitational constant, and the combination kT (r) is in units of keV. From this, the Newtonian dynamical mass can easily be deduced. The studies cited in the previous section from which we obtain our data use an NFW profile (Navarro, Frenk & White 1997) to fit to the residual dark matter.
Note that since we have isolated spherical systems, we can ignore the curl field of MOND (Bekenstein & Milgrom 1984; Ciotti, Londrillo & Nipoti 2006; Angus, Famaey & Zhao 2006) , and since the external field effect from Large Scale Structure (e.g., Angus & McGaugh 2007; Wu et al. 2007 ) is much smaller than the typical gravitational acceleration in the region of interest, we can simply use the relation of Milgrom (1983a) to derive the MOND dynamical mass:
Here the function µ(x) is chosen to be the simple function shown to have a good fit to the terminal velocity curve of the Galaxy (Famaey & Binney 2005) and to rotation curves of external galaxies Sanders & Noordermeer 2007) :
while taking µ = 1 just yields back the Newtonian dynamical mass. This means that the MOND dynamical mass Mm is related to the Newtonian one Mn by
meaning that in MOND, there is a truncation of the dynamical mass Mm(r) at low accelerations. Here we take the MOND acceleration constant to be a0 = 3.6 (kms −1 ) 2 /pc. For the objects in our sample from Gastaldello et al. (2007) , Humphrey et al. (2006), and Zappacosta et al. (2006) , we take the Newtonian gravitating mass profiles used in those studies and simply extract the MOND dynamical mass using Eq.??. Those studies also produced 20-30 Monte Carlo simulations of Newtonian mass profiles for each object, which we used to produce corresponding simulated MOND mass profiles. From these simulated MOND profiles we evaluated the enclosed mass at various points and quote the standard deviation of the simulations as the 1σ error.
Since we do not have error estimates for the density and temperature profiles of the objects in the Vikhlinin et al. sample, we just use the best-fitting values. Since the objects are more massive and generally brighter than the lower mass objects, we expect the relative uncertainty on the massive systems to be less than the lower mass systems. 
Subtracting the X-ray gas
We integrate the plasma component to find the observed gas enclosed mass, MX (r) from
where ρX(r) is the density of plasma and rmax is r500 for the 8 clusters of Vikhlinin et al. (2006) and the last observed data point for the other systems. In all 25 systems, this radius rmax is beyond the saturation radius of the MOND dynamical mass. The MOND dynamical mass of each cluster is plotted as a function of the X-ray gas mass (and BCG) in Fig. ? ?.
We can see that these data confirm the findings of Sanders (1999 Sanders ( , 2003 Sanders ( , 2007 , i.e. that the MOND dynamical mass represents about three to four times the X-ray gas mass. However, this ratio is taken at the last measured radii after the MOND dynamical mass has saturated, but the gas mass is still rising. This ratio evaluated at smaller radii (∼120kpc) would be much larger.
Subtracting the galaxies
We first note that the empirical scheme for the galaxy density put forward by David et al. (1990) and employed by Pointecouteau & Silk (2005) , i.e.M * (r)/MX (r) ≈ 0.4(kT (r)/keV ) −1 completely neglects the contribution of galaxies to the cluster mass below 120 kpc where the most massive galaxies reside. We thus ignore this empirical galaxy density, but instead look for the mass of the BCG at the center of the clusters using a Hernquist profile. The luminosity of the BCG in the K band from the Gastaldello et al. , and A2029 (T=8.5 keV). The total MOND dynamical mass (Mm) is in black with solid linetype, the Newtonian dynamical mass is black with a dashed linetype. The red line corresponds to the observed mass of X-rays and the dashed red line is the mass of the BCG if M/L K =1 for which we use a Hernquist profile. The green line is the maximum necessary contribution of neutrinos; by this we mean it is maximal (Eq.??) in the centre where the dynamical mass is unexplained, whereas at the outskirts the neutrinos no longer have maximum density, instead they have the density necessary to complete the budget after gas and the residual mass at the centre has been accounted for. The solid blue line is the residual mass unexplained by the neutrinos and gas, whereas the dashed blue line is the necessary residual mass if twe have no significant neutrino density. The four representative clusters have respective temperatures 1.0,1.2, 2.2 and 8.5 keV.Clearly, one sees that for small-temperature clusters such as N5044, no hidden mass is present at r > 120 kpc. The error bars are 1σ, but for the MOND dynamical mass, the intrinsic errors are dwarved by the unknown form of the µ-function and for the neutrinos, the error is due to the error in the mean emission weighted temperature for a fixed neutrino mass mµ=2eV. Since we don't know the mass of the neutino, the error on the temperature is slightly redundant. The errors are not independent.
We subtract this (using M/LK =1) and the X-ray mass from the total MOND dynamical mass to give the total hidden mass (MHM ) which is simply the mass of dark material necessary to reach consistency with the dynamical mass,
NEUTRINOS AS THE MOND HIDDEN MASS?
At least two of the three active neutrinos (νe, ντ and νµ) have non-zero masses (Fukuda et al. 1998) , meaning that they must be part of the mass budget of the Universe. If the neutrino mass is so much higher than the mass differences, then all types have about the same mass, and the cosmological density of three left-handed neutrinos and their antiparticles (e.g., Sanders 2007) would be
where mν is the mass of a single neutrino type in eV. If one assumes that clusters of galaxies respect the baryon-neutrino cosmological ratio, and that the MOND hidden mass is mostly made of neutrinos as suggested by Sanders (2003 Sanders ( , 2007 , then the mass of neutrinos must indeed be around 2 eV. In their modelling of the CMB anisotropies, Skordis et al. (2006) showed that such a component of 2eV neutrinos could actually prevent the MOND Universe from accelerating too much, and could thus yield the right angular-distance relation to get the correct position of the peaks in the angular power spectrum of the CMB. The main limit on the neutrino ability to clump together in clusters comes from the Tremaine-Gunn limit (Tremaine & Gunn 1979) , stating that the phase space density must be preserved during collapse. This is a density level half the quantum mechanical degeneracy level. The maximum density for a cluster of a given temperature, T , is defined for a given mass of one neutrino type as
Sanders (2003) showed that such 2 eV neutrinos at the limit of detection could indeed account for the bulk of the dynamical mass in his sample of galaxy clusters of T > 4 keV (see his Fig.8 ). Angus et al. (2007) also showed that such neutrinos could account for the weak lensing map of the bullet cluster (Clowe et al. 2004 (Clowe et al. , 2006 Bradac et al. 2006) , while Sanders (2007) showed that this hypothesis has the great advantage of naturally reproducing the proportionality of the electron density in the cores of clusters to T 3/2 , as well as global scaling relations. However, looking at the central region of clusters, PS05 showed that neutrinos could not account for the dark matter all the way to the centre because the density reaches values much larger than the TremaineGunn limit. However, this residual mass is only a few % of the dynamical mass explainable by neutrinos.
Here, we choose as a conservative approach to take the temperature of the neutrino fluid as being equal (due to violent relaxation) to the mean emission weighted temperature of the gas. We also assume that they contribute maximally, i.e. that their density is given by the Tremaine-Gunn limit, and constant (which is obviously untrue since the fluid obeys the equation of state of a partially degenerate neutrino gas, see e.g. Sanders 2007) . As it happens, we show hereafter that even with maximum neutrino density, all the way to the centre, the neutrinos cannot clump densely enough to rid us of all the hidden mass. To this end, we consider a maximum density of neutrinos, from the centre until the radius where the dynamical mass no longer requires a maximum contribution (usually ∼120kpc), and here we reduce the density until the dynamical mass saturates. Using the maximum neutrino density defined by T (r) instead of the mean emission weighted temperature for all radii makes precious little difference.
RESULTS
In Fig. ? ? we plot several components of the group or cluster mass distinctly as functions of radius. The total MOND dynamical mass (Mm) is in black with solid linetype, the Newtonian dynamical mass (Mn) is black with a dashed linetype. The red line corresponds to the observed mass of X-rays (MX ) and the dashed red line is the mass of the BCG assuming M/LK =1 and a Hernquist profile. The green line is the maximum necessary contribution of neutrinos (Mν ). The solid blue line is what we call the residual mass (Mm−X−ν− * ) unexplained by the neutrinos, galaxies and gas, whereas the dashed blue line is the necessary total hidden mass (Mm−X− * = MHM ) if we have no significant neutrino density. The four representative clusters have respective temperatures 0.8, 1.4, 2.4 and 8.5 keV. Clearly, one sees that for low-temperature groups such as N5129, no hidden mass is present at r > 120 kpc.
Neutrinos can explain the mass discrepancy in the outer parts of the clusters, especially for those with high temperatures (T > 3 keV), keeping in mind that no hidden mass at all is necessary in the outer parts for the cooler clusters. However, even with our approximations, which are favourable to a maximum contribution of the neutrinos, we found that neutrinos cannot account for the hidden mass in the central 120 kpc. Much fuss has been made in the literature about the neutrinos being unable to account for this core of residual mass (Pointecouteau & Silk 2005; Takahashi & Chiba 2007) , which is true. Indeed, every one of the sample clusters has a dominant central core of residual mass. Nevertheless, although all these systems have a residual dark component, it has been neglected as to how serious this extra component is, which the neutrinos cannot account for. Actually, in Fig. ? ?, which plots the ratio of residual mass (with and without neutrinos) to MOND dynamical mass for all clusters, we see that for the hot clusters studied by Sanders (2003) and Pointecouteau & Silk (2005) the residual mass (after neutrinos have been added) is a small fraction, with gas and neutrinos being more important globally. Conversely, for groups like NGC5129, the residual mass is completely dominant and is up to four times more significant than the stellar and gas components. Recall that the neutrinos cannot lay claim to the high densities in the cores due to the Tremaine-Gunn limit, but at a certain radius begin to dominate the dynamical mass. This radius is plotted as a function of temperature in Fig.? ?. It is intriguing that if we do live in a universe with ∼2eV neutrinos then the core sizes of residual hidden mass in large and small clusters are very similar.
Of course, if neutrinos are not present, then the residual hidden mass is by far the most dominant component of the mass, moreso than the gas for all groups and clusters. It is also important to realise that any departures from hydrostatic equilibrium generally cause underestimates of the total mass; i.e., from non-thermal pressure support. This would only exacerbate the problems highlighted in this paper.
In Table 1 we list the masses of the different mass components in the sample of clusters, and in Fig.? ? we plot the MOND dynamical mass of the clusters against temperature, which unearths an intriguing correlation of the form Mm ∝ T 2.3±0.1 , whereas Sanders (2007) predicts a relation of the form Mm ∝ T 2 . Equally significant, we show in Fig.? ? the total residual mass as a function of cluster mass. If neutrinos are not present, then the mass scales with temperature because it must account for the largest chunk of the dynamical mass, however, if neutrinos are present then the residual mass appears to saturate at a temperature of around 3 keV and a mass of ∼ 10 13 M⊙. Interestingly, at the opposite end of the scale, the residual mass is steeply falling towards zero for groups of T < 0.7keV , meaning that the amount of residual mass could in some sense be linked with the energy of X-rays themselves. Below this threshold we get back to systems like the groups studied by Milgrom (1998 Milgrom ( , 2002 .
RESIDUAL MASS
To elucidate the importance of the residual mass in the MOND context, we plot in Fig. ? ? the fraction of residual mass to MOND dynamical mass as a function of MONDian dynamical mass. The correlation is strikingly good in the case where neutrinos are present, meaning the residual mass fraction is increasing with decreasing cluster mass. On the other hand, if neutrinos are not present, this ratio is approximately constant and lies between 60% and 80%. We also checked if the residual mass in the case where neutrinos are present could be linked with the cooling time of the cluster defined as
However, as you can see in table 1, even though all of our sample clusters have a cooling time smaller than the Hubble time (i.e. they are "cooling flow" clusters), the uncertain central density makes it impossible to forge any correlation between T cool and any property of the residual mass. We choose to express this quantity of residual mass in the central parts of the cluster as a MOND dynamical massto-light ratio for the BCG of the cluster, ranging between 2 and 11(see Fig.? ?). This high dynamical mass-to-light ratio might also be due to the interaction of this BCG with the neutrino fluid, allowing the fluid to heat and the neutrinos to clump more densely. From Fig.? ? we see that the residual mass does indeed scale with the K-band luminosity of the BCG which is as expected if the neutrino fluid is heated allowing higher densities. Furthermore, if it was the case that the BCGs had large M/LK we should be able to fit the stellar mass profile (with variable normalisation) without a DM profile and it should describe the data well. Unfortunately, the mass profiles of galaxy groups/clusters are not well fit by a De Vaucoulers profile with Re set to that of the central galaxy but allowing for variable M/LK . If we did this, we would over predict the interior mass profile. In addition, the barycentre of many clusters does not coincide with the BCG.
Another possibility is that this residual mass is in the form of cold gas. Indeed, given that in the global baryon inventory of the Universe 20% of the baryons produced during Big Bang nucleosynthesis are still missing, and that the observed baryons in clusters only account for 5 to 10% of those produced during Big Bang nucleosynthesis (e.g., Silk 2006), there is plenty of room for this residual mass to be baryonic in MOND. One could thus say that, while CDM puts the missing baryons problem in individual galaxies, MOND has put it in galaxy clusters. The correlation in Fig.? ? where we have plotted the residual mass against the luminosity of the BCG exposing a correlation might then just suggest that the baryonic residual mass is accreted onto the BCG enhancing its mass.
Let us note that, if neutrinos were found to have mass much below the present-day experimental limit, there would even be enough room for these missing baryons to explain ALL the hidden mass problem in galaxy clusters. It should be highlighted again (see previous section) that hidden mass in MOND only appears in systems with an abundance of ionised gas and X-ray emission (even in the case of galaxies!). It is then no stretch of the imagination to surmise that these gas rich systems have equal quantities of molecular hydrogen in some compact form (e.g. very dense clumps of cold gas of only a Jupiter mass and a temperature of a few Kelvins). Of course the formation and stabilization of these clouds should then be theoretically investigated in detail in the future.
Transition temperatures
As we mentioned in §4, there is an increase in significance of the residual mass component left after the subtraction of gas and neutrinos increases for lower temperature clusters (Fig.??) .
Furthermore, for groups below 2keV, the contribution of neutrinos is negligible compared to the gas. Conversely, neutrinos are of great importance in the dynamics of clusters hotter than 2keV and subsequently are likely to help seed the collapse of these structures from cosmological perturbations. Also, one may speculate that groups grow hierarchically, whereas hotter clusters collapse monolithically.
It is well known that stellar dynamical studies of elliptical galaxies generally do not require dark matter. Consequently, it is not surprising that they have also been shown to be consisent with MOND (Milgrom & Sanders 2003) . Studies of very X-ray luminous elliptical galaxies have not generally examined the viablity of alternative gravity theories. One exception in NGC 720, where the observed misalignment of the major axis of the stars and hot gas, along with the elongation of the X-ray isophotes, has been suggested to imply a substantial mass discrepancy (Buote & Canizares 1994; Buote et al. 2002);  (Note: if NGC 4125 provided by Fill shows a large residual mass, we need to include it in this discussion.) (Note: Just because the stellar dynamical studies do not require dark matter, that does not mean there is not any. Those studies suffer from the well-known degeneracy from . Shows the residual mass discrepancy vs. temperature after subtraction of X-ray gas, the BCG and of the maximum contribution of neutrinos (black diamonds) and for the case with no neutrinos (red stars). In the case of significant neutrino contribution, this discrepancy is a fairly constant value of ∼ 10 13 M ⊙ for T > 3 keV but drops steadily to zero for T < 3 keV. If neutrinos are not present, the residual mass continues to rise with temperature. velocity dispersion anisotropy, which allows a wide range of mass profiles to be consisent with the data. I agree that the spiral galaxies are consistent with MOND, but the case of the ellipticals are unclear -pending NGC 4125.)
This necessitates a transition temperature below which the residual mass deminishes in importance and above which it increases in importance, peaks (between 0.6keV and 2keV) Figure 9 . Shows the scaling of the residual mass discrepancy as a function of BCG luminosity, with (diamonds) and without (stars) neutrinos. The scaling may reflect the deeper potential well heating the neutrino fluid allowing a higher density far beyond that allowed by the mean cluster temperature. More likely, it is just the natural expectation of brighter galaxies residing in more massive clusters.
and then falls at higher temperatures. Why systems cooler than 0.6keV show virtually no mass discrepancy in MOND must be related to the formation mechanism of such systems.
CONCLUSION AND DISCUSSION
We have used high quality data to show that galaxy groups and clusters in MOND either require a huge collisionless baryonic component (e.g. dense clumps of cold gas) to make up for all the hidden mass (60-80% of the total dynamical mass), or require a less important to-be-discovered residual mass in the central 120 kpc if 2 eV neutrinos make their maximum contribution to the density of the cluster. In the latter case, the residual mass after taking into account the neutrinos corresponds to a mass-to-light ratio between 2 and 11 for the BCG in the K-band. This is confirmation of the result of PS05, however, we have probed far lower masses (< 10 14 M⊙) and have shown that this residual mass component, which is present in all systems hotter than 0.6keV, is the dominant one for groups < 2keV in which neutrinos cannot cluster densely enough. The residual component in the clusters of PS05 is far less significant (a few %). This residual mass in groups is far more significant as it completely dominates the dynamical mass as neutrinos cannot cluster densely enough to contribute meaningfully. The total residual mass does still increase with temperature, but the significance decreases because the density of neutrinos increases more rapidly with temperature (i.e. ρν ∝ T 3/2 ) This leads us to believe that, if MOND is correct, the 
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INTRODUCTION
Recently obtained data from the cosmic microwave background (Spergel et al. 2006 ), large scale structure and type Ia supernovae would have us believe we inhabit a Universe dominated by some hitherto experimentally undetected dark matter requiring an extension to the current standard model of particle physics (cold dark matter, CDM) and something called dark energy, which no one can claim to understand, which drives the acceleration of the expansion of the Universe (Chernin et al. 2007 ). However, observations appear to thwart the extrapolation of this ΛCDM theory from its cosmological basis to the galaxy scale because they contradict a sizeable list of CDM predictions (e.g., Moore et al. 1999; Gentile et al. 2004 Actually, the observed tight correlation between the mass profiles of baryonic matter and dark matter at all radii ⋆ email: gwa2@st-andrews.ac.uk in spiral galaxies (e.g. McGaugh et al. 2007; Famaey et al. 2007a ) would rather lend support to modified Newtonian dynamics (MOND, Milgrom 1983abc ), a theory postulating that for accelerations below a0 ≈ 10 −10 m s −2 the effective gravitational attraction approaches (gN a0) 1/2 where gN is the usual Newtonian gravitational field.
Without resorting to CDM, this simple prescription is known to reproduce galaxy scaling relations (Tully-Fisher, Faber-Jackson, fundamental plane) as well as the rotation curves of individual galaxies (Sanders & McGaugh 2002) over five decades in mass ranging from tiny dwarfs (e.g., Milgrom & Sanders 2007; Gentile et al. 2007a ) through earlytype discs (Sanders & Noordermeer 2007) to massive ellipticals (Milgrom & Sanders 2003) . In particular, the recent kinematic analysis of tidal dwarf galaxies by Bournaud et al. (2007) strongly argues in favour of MOND, and is highly unlikely to be explained within the classical CDM framework (e.g. Gentile et al. 2007b; Milgrom 2007 ). Moreover, the theory successfully predicts the local galactic escape speed from the solar neighbourhood (Famaey, Bruneton & Zhao 2007b; Wu et al. 2007 ), the statistical bar frequency in spirals (Tiret & Combes 2007) , as well as the velocity dispersions of satellite galaxies around their hosts , and the kinematics of superclusters of galaxies (Milgrom 1997) . Recent developments in the theory of gravity have also added plausibility to the case for modification of gravity through the work of Bekenstein (2004) , Sanders (2005) and Zlosnik, Ferreira & Starkman (2006 , who have presented Lorentz-covariant theories of gravity yielding a MOND behaviour in the appropriate limit by means of a dynamical normalized vector field, which might arise from dimensional reduction of a higher-dimensional gravity theory (Bekenstein 2006; Mavromatos & Sakellariadou 2007) . Although rather fine-tuned and still being a far cry from a fundamental theory underpinning the MOND paradigm (see e.g. Bruneton & Esposito-Farese), these theories remarkably allow for new predictions, especially regarding cosmology. Surprisingly, such a vector field has precisely been shown to generate the instability that may produce large cosmic structures today in a MOND Universe (Dodelson & Liguori 2006; Skordis et al. 2006) , while it also has the potentiality to drive late-time acceleration without resorting to dark energy (Diaz-Rivera et al. 2006; Zhao 2006 Zhao , 2007 . However, before trying to build a consistent MOND cosmology, which is still a far cry, the MOND paradigm has yet to completely explain away the mass discrepancy in X-ray emitting clusters of galaxies.
Groups of galaxies were studied by Milgrom (1998 Milgrom ( , 2002 by checking the stellar mass to light ratio required for consistency with the line of sight velocity dispersion of the group galaxies w.r.t. the centre of mass. This method found mass to light ratios of around a solar unit which bears the hallmark of no mass discrepancy, however, it cannot probe the need for dark matter at smaller radii than these presumably largely separated galaxies. Of course, it is most probable that this absence of discrepancy is correct in the context of low mass groups, but for X-ray bright groups and clusters a better gauge of dynamical mass is found using measurements of the properties of the X-ray gas. Using this technique and others, MOND cannot as yet explain the mass discrepancy in X-ray emitting clusters of galaxies (Gerbal et al. 1992; Sanders 1994 Sanders , 1999 Sanders , 2003 McGaugh & de Blok 1998; The & White 1998; Aguirre et al. 2001 ): consequently, they still require substantial amounts of non-luminous matter.
Recently, weak gravitational lensing Takahashi & Chiba 2007; Famaey et al. 2007c ), a technique which disregards the state of equilibrium, has provided a similar result and an extremely important constraint on the nature of all the missing mass i.e. that it must be of a collisionless nature (Clowe et al. 2006; Bradac et al. 2006; .
One solution would be that this hidden mass is in the form of collisionless baryons (e.g., MACHO's, or small dense clumps of cold gas), but it has also been assumed (Sanders 2003 ) that the dynamical mass problem in galaxy clusters could be resolved by the addition of a component of massive neutrinos mν ∼2eV, i.e. very near their maximum experimental mass. These were indeed shown to be potentially consistent with the majority of clusters with temperature greater than 4 keV by Sanders (2003) , and with the bullet cluster ). This hypothesis has the great advantage of naturally reproducing the proportionality of the electron density in the cores of clusters to T 3/2 , as well as global scaling relations (Sanders 2007) .
However, in a recent survey, Pointecouteau & Silk (2005, hereafter PS05 ) studied a large sample of hot clusters (>4keV) and found that the central density of the dark matter was generally greater than allowed by the TremaineGunn limit on neutrino density. However, this result was not damning because the dynamical mass that could be accounted for by neutrinos under the Tremaine-Gunn limit was generally more than 90%. Nevertheless, the need for a second variety of DM in MOND was shown.
Something that has never been studied before in the literature is the application of MOND to X-ray emitting groups and cool clusters in the range 0.7< T <3.0keV. The closest anyone has come is the study of the large elliptical NGC720 by Buote & Canizares (1994 , 2002 which has T∼0.6eV. They showed that the major axis of the isophotes of the X-ray emission were significantly offset from the major axis of the galaxy requiring dark matter of at least 4 times the mass of the visible matter. NGC 720 is currently the only elliptical galaxy for which this misalignment can be attributed to dark matter with reasonable confidence. A program to search for other very isolated, flattened elliptical galaxies that are sufficiently bright in X-rays for this type of study is underway.
Here we use the high quality galaxy group data from Gastaldello et al. (2006) and cluster data from Vikhlinin et al. (2006) , and do a systematic check of the mass profiles of the necessary MOND hidden mass in clusters required for hydrostatic equilibrium of the X-ray emitting plasma, by subtracting the X-ray gas and the brightest cluster galaxy (BCG). We explore the correlation between the mass discrepancy in MOND and the masses and temperatures of the studied groups and clusters. We present the data in §2, derive the MOND dynamical and hidden masses in §3, substract the conjectured contribution of massive neutrinos in §4, and analyze the results in §5. These results confirm the findings of Pointecouteau & Silk (2005) , i.e. that the central cores of hot clusters have densities that are too large to be consistent with 2eV neutrinos, needing an additional (maybe baryonic) dark component. But more significantly, we show that all cool groups (0.7< T <3.0keV) have their MOND dynamical mass completely dominated by this residual mass component, because groups are too cool to allow neutrinos to cluster densely enough.
DATA
We use results obtained primarily from two recent studies of X-ray clusters. We use the published results of Vikhlinin et al. (2006) for 8 of the most massive clusters (2 keV < T < 9 keV). For low-mass clusters (groups) we use results for 16 groups of galaxies (1-2 keV) from the recent work of Gastaldello et al. (2006) and another low-mass cluster (A2589) from Zappacosta et al. (2006) .
The objects in our sample are listed in Table 1 . We refer the reader to the references for details on the contruction of the density, temperature, and Newtonian mass profiles. We note that for the massive systems in the Vikhlinin et al. sample we exclude the central ∼ 20 kpc from the analysis.
We do this for consistency with their study, even though some of their systems (most notably A2029), do not exhibit substantial morphological irregularities in their cores that would lessen the validity of the approximation of hydrostatic equilibrium.
MOND DYNAMICAL MASS IN GROUPS AND CLUSTERS
To compute gravitating masses we assume the intracluster medium is represented by a spherical single-phase ideal gas in hydrostatic equilibrium. Although the X-ray isophotes of relaxed clusters are approximately circular with modest ellipticity, the underlying mass distribution is inferred to have substantial ellipiticy (0.4-0.6; Buote & Canizares 1996) . Nevertheless, many previous studies have shown that assuming spherical symmetry for relaxed clusters introduces fairly small errors < ∼ 20% which are acceptable for our purposes (e.g., Tsai, Katz, & Bertschinger 1994; Navarro et al. 1995; Buote & Canizares 1996; Evrard et al. 1996; Gavazzi 2004) We derive the MOND dynamical mass for each system following the approach of Sanders (1999) . From the temperature and density profiles of the hot gas, the centripetal gravitational acceleration, g, can be deduced from the equation of hydrostatic equilibrium independently of the gravitational theory:
where w is the mean molecular weight and wmp = 5.2 × 10 −58 M⊙, G = 4.42 × 10 −3 pc( km s −1 ) 2 M −1 ⊙ ) is Newton's gravitational constant, and the combination kT (r) is in units of keV. From this, the Newtonian dynamical mass can easily be deduced. The studies cited in the previous section from which we obtain our data use an NFW profile (Navarro, Frenk & White 1997) to fit to the residual dark matter.
Note that since we model clusters as spherical systems, we can ignore the curl field of MOND (Bekenstein & Milgrom 1984; Ciotti, Londrillo & Nipoti 2006; Angus, Famaey & Zhao 2006) , and since the external field effect from Large Scale Structure (e.g., Angus & McGaugh 2007; Wu et al. 2007 ) is much smaller than the typical gravitational acceleration in the region of interest, we can simply use the relation of Milgrom (1983a) to derive the MOND dynamical mass:
meaning that in MOND, there is a truncation of the dynamical mass Mm(r) at low accelerations. Here we take the MOND acceleration constant to be a0 = 3.6 (kms −1 ) 2 /pc. From Eq.4 one can see that at large radii, when the Newtonian mass rises more slowly than d ln Mn/d ln r < 1 then the MONDian dynamical mass begins to drop. This makes studies that do not consider the entire dynamical mass profile at all radii worthless. In this work, we flatten the mass profile beyond the radius when the MOND dynamical mass is zero.
For the objects in our sample from Gastaldello et al. (2007) , and Zappacosta et al. (2006) , we take the Newtonian gravitating mass profiles used in those studies and simply extract the MOND dynamical mass using Eq.??. Those studies also produced 20-30 Monte Carlo simulations of Newtonian mass profiles for each object, which we used to produce corresponding simulated MOND mass profiles. From these simulated MOND profiles we evaluated the enclosed mass at various points and quote the standard deviation of the simulations as the 1σ error.
Since we do not have error estimates for the density and temperature profiles of the objects in the Vikhlinin et al. sample, we just use the best-fitting values. Since the objects are more massive and generally brighter than the lower mass objects, we expect the relative uncertainty on the massive systems to be typically comparable to or less than the lower mass systems.
Subtracting the X-ray gas
where ρX(r) is the density of plasma and rmax is r500 for the 8 clusters of Vikhlinin et al. (2006) and the last observed data point for the other systems. In all 25 systems, this radius rmax is beyond the saturation radius of the MOND dynamical mass. The MOND dynamical mass of each cluster is plotted as a function of the X-ray gas mass (and BCG) in Fig. 1 . We can see that these data confirm the findings of Sanders (1999 Sanders ( , 2003 Sanders ( , 2007 , i.e. that the MOND dynamical mass represents about three to four times the X-ray gas mass. However, this ratio is taken at the last measured radii after the MOND dynamical mass has saturated, but the gas mass is still rising. This ratio evaluated at smaller radii (∼120kpc) would be much larger.
Subtracting the galaxies
We first note that the empirical scheme for the galaxy density put forward by David et al. (1990) and employed by Pointecouteau & Silk (2005) , i.e.M * (r)/MX (r) ≈ 0.4(kT (r)/keV ) −1 completely neglects the contribution of galaxies to the cluster mass below 120 kpc where the most massive galaxies reside. We thus ignore this empirical galaxy density, but instead look for the mass of the BCG at the center of the clusters using a Hernquist profile. The luminosity of the BCG in the K band from the Gastaldello et al. Figure 2 . Shows the mass profiles of the components of the dynamical mass for 4 representative clusters: N5044 (T=1.0 keV), N533, (T=1.2 keV), A2717 (T=2.2 keV), and A2029 (T=8.5 keV). The total MOND dynamical mass (Mm) is in black with solid linetype, the Newtonian dynamical mass is black with a dashed linetype. The red line corresponds to the observed mass of X-rays and the dashed red line is the mass of the BCG if M/L K =1 for which we use a Hernquist profile. The green line is the maximum necessary contribution of neutrinos; by this we mean it is maximal (Eq.7) in the centre where the dynamical mass is unexplained, whereas at the outskirts the neutrinos no longer have maximum density, instead they have the density necessary to complete the budget after gas and the residual mass at the centre has been accounted for. The solid blue line is the residual mass unexplained by the neutrinos and gas, whereas the dashed blue line is the necessary residual mass if twe have no significant neutrino density. The four representative clusters have respective temperatures 1.0,1.2, 2.2 and 8.5 keV.Clearly, one sees that for small-temperature clusters such as N5044, no hidden mass is present at r > 120 kpc. The error bars are 1σ, but for the MOND dynamical mass, the intrinsic errors are dwarved by the unknown form of the µ-function and for the neutrinos, the error is due to the error in the mean emission weighted temperature for a fixed neutrino mass mµ=2eV. Since we don't know the mass of the neutino, the error on the temperature is slightly redundant. The errors are not independent. We subtract this (using M/LK =1) and the X-ray mass from the total MOND dynamical mass to give the total hidden mass (MHM ) which is simply the mass of dark material necessary to reach consistency with the dynamical mass, Figure 1 . Shows MOND dynamical mass vs X-ray gas mass integrated to rmax including the mass of the BCG.
NEUTRINOS AS THE MOND HIDDEN MASS?
At least two of the three active neutrinos (νe, ντ and νµ) have non-zero masses (Fukuda et al. 1998) , meaning that they must be part of the mass budget of the Universe. Interestingly, in ΛCDM cosmology, it is possible to put stringent limits on the sum of the three neutrino masses, from the angular power spectrum of the Cosmic Microwave Background and from the slope of the matter power spectrum (e.g., Zunckel & Ferreira 2007), essentially because too massive a neutrino component would not leave enough room for CDM in the matter budget of the Universe, meaning that small-scale power would be lost. However, these constraints are not necessarily valid in a modified gravity cosmology (e. On the other hand, model-independent experimental limits on the electron neutrino mass from the Mainz/Troitsk experiments, counting the highest energy β-decay electrons of 3 H → 3 He + + e − + νe + 18.57 keV (the more massive the neutrinos, the lower the cutoff energy of electrons), are mν < 2.2eV . The KATRIN experiment (under construction) will be able to falsify 2eV neutrinos at 95% confidence within months of taking data in 2009.
If the neutrino mass is so much higher than the mass differences, then all types have about the same mass, and the cosmological density of three left-handed neutrinos and their antiparticles (e.g., Sanders 2007) would be
Sanders (2003) showed that such 2 eV neutrinos at the limit of detection could indeed account for the bulk of the dynamical mass in his sample of galaxy clusters of T > 4 keV (see his Fig.8) . also showed that such neutrinos could account for the weak lensing map of the bullet cluster (Clowe et al. 2004 (Clowe et al. , 2006 Bradac et al. 2006) , while Sanders (2007) showed that this hypothesis has the great advantage of naturally reproducing the proportionality of the electron density in the cores of clusters to T 3/2 , as well as global scaling relations. However, looking at the central region of clusters, PS05 showed that neutrinos could not account for the dark matter all the way to the centre because the density reaches values much larger than the TremaineGunn limit. However, this residual mass is only a few % of the dynamical mass explainable by neutrinos.
RESULTS
In Fig. 2 we plot several components of the group or cluster mass distinctly as functions of radius. The total MOND dynamical mass (Mm) is in black with solid linetype, the Newtonian dynamical mass (Mn) is black with a dashed linetype. The red line corresponds to the observed mass of X-rays (MX ) and the dashed red line is the mass of the BCG assuming M/LK =1 and a Hernquist profile. The green line is the maximum necessary contribution of neutrinos (Mν ). The solid blue line is what we call the residual mass (Mm−X−ν− * ) unexplained by the neutrinos, galaxies and gas, whereas the dashed blue line is the necessary total hidden mass (Mm−X− * = MHM ) if we have no significant neutrino density. The four representative clusters have respective temperatures 0.8, 1.4, 2.4 and 8.5 keV. Clearly, one sees that for low-temperature groups such as NGC5044, no hidden mass is present at r > 120 kpc.
Neutrinos can explain the mass discrepancy in the outer parts of the clusters, especially for those with high temperatures (T > 3 keV), keeping in mind that no hidden mass at all is necessary in the outer parts for the cooler clusters. However, even with our approximations, which are favourable to a maximum contribution of the neutrinos, we found that neutrinos cannot account for the hidden mass in the central 120 kpc. Much fuss has been made in the literature about the neutrinos being unable to account for this core of residual mass (Pointecouteau & Silk 2005; Takahashi & Chiba 2007) , which is true. Indeed, every one of the sample clusters has a dominant central core of residual mass. Nevertheless, although all these systems have a residual dark component, it has been neglected as to how serious this extra component is, which the neutrinos cannot account for, and how this varies with temperature and mass of the cluster. Actually, in Fig. 5 , which plots the ratio of residual mass (with and without neutrinos) to MOND dynamical mass for all clusters, we see that for the hot clusters studied by Sanders (2003) and Pointecouteau & Silk (2005) the residual mass (after neutrinos have been added) is a small fraction, with gas and neutrinos being more important globally. Conversely, for groups like NGC5044, the residual mass is completely dominant and is up to four times more significant than the stellar and gas components. Recall that the neutrinos cannot lay claim to the high densities in the cores due to the Tremaine-Gunn limit, but at a certain radius begin to dominate the dynamical mass. This radius is plotted as a function of temperature in Fig.3 . It is intriguing that if we do live in a universe with ∼2eV neutrinos then the core sizes of residual hidden mass in large and small clusters are very similar.
In Table 1 we list the masses of the different mass components in the sample of clusters, and in Fig.4 we plot the MOND dynamical mass of the clusters against temperature, which unearths an intriguing correlation of the form Mm ∝ T 2.3±0.1 , whereas Sanders (2007) predicts a relation of the form Mm ∝ T 2 . Equally significant, we show in Fig.6 the total residual mass as a function of cluster mass. If neutrinos are not present, then the mass scales with temperature because it must account for the largest chunk of the dynamical mass, however, if neutrinos are present then the residual mass appears to saturate at a temperature of around 3 keV and a mass of ∼ 10 13 M⊙. Interestingly, at the opposite end of the scale, the residual mass is steeply falling towards zero for groups of T < 0.7keV , meaning that the amount of residual mass could in some sense be linked with the energy of X-rays themselves. Below this threshold we get back to systems like the groups studied by Milgrom (1998 Milgrom ( , 2002 .
RESIDUAL MASS
To elucidate the importance of the residual mass in the MOND context, we plot in Fig. 5 the fraction of residual mass to MOND dynamical mass as a function of MONDian dynamical mass. The correlation is strikingly good in the case where neutrinos are present, meaning the residual mass fraction is increasing with decreasing cluster mass. On the other hand, if neutrinos are not present, the ratio of hidden mass is approximately constant and lies between 60% and 80%. We also checked if the residual mass in the case where neutrinos are present could be linked with the cooling time of the cluster defined as
However, as you can see in table 1, even though all of our sample clusters have a cooling time smaller than the Hubble time (i.e. they are "cooling flow" clusters), the uncertain central density makes it impossible to forge any correlation between T cool and any property of the residual mass. We choose to express this quantity of residual mass in the central parts of the cluster as a MOND dynamical massto-light ratio for the BCG of the cluster, ranging between 2 and 11(see Fig.8 ). This high dynamical mass-to-light ratio might perhaps be due to the interaction of this BCG with the neutrino fluid, allowing the fluid to heat and the neutrinos to clump more densely. From Fig.9 we see that the residual mass does indeed scale with the K-band luminos- ity of the BCG which is as expected if the neutrino fluid is heated allowing higher densities. Furthermore, if it was the case that the BCGs had large M/LK we should be able to fit the stellar mass profile (with variable normalisation) without a DM profile and it should describe the data well. Unfortunately, the mass profiles of galaxy groups/clusters are not well fit by a De Vaucoulers profile with Re set to that of the central galaxy but allowing for variable M/LK . If we did this, we would over predict the interior mass profile. In addition, the barycentre of many clusters does not coincide with the BCG.
Another possibility is that this residual mass is in the form of cold gas. Indeed, given that in the global baryon inventory of the Universe 20% of the baryons produced during Big Bang nucleosynthesis (BBN) are still missing, and that the observed baryons in clusters only account for 5 to 10% of those produced during BBN (e.g., Silk 2006), there is plenty of room for this residual mass to be baryonic in MOND. One could thus say that, while CDM puts the missing baryons problem in individual galaxies, MOND has put it in galaxy clusters. The correlation in Fig.9 where we have plotted the residual mass against the luminosity of the BCG exposing a correlation might then just suggest that the baryonic residual mass is accreted onto the BCG enhancing its mass, or that brighter galaxies intrinsically possess more missing baryons in cold gas form.
Let us note that, if neutrinos were found by KATRIN in 2009 to have mass much below the present-day experimental limit, there would even be enough room for these missing baryons to explain absolutely all the MOND hidden mass in galaxy groups and clusters. Indeed, it should be highlighted that hidden mass in MOND only appears in systems with an abundance of ionised gas and X-ray emission (even in the case of galaxies such as NGC720!). It is then no stretch of the imagination to surmise that these gas rich systems have equal quantities of molecular hydrogen (or other molecules), Figure 5 . Shows the fraction of hidden mass (red stars) and of residual mass after neutrinos have been taken into account (black diamonds) as a function of the MOND dynamical mass. Clearly the ratio of hidden mass stays constantly high (>0.6) if neutrinos are not contributing, but the fraction of residual mass becomes less important for heavier (and hotter) clusters when neutrinos are added. Figure 6 . Shows the residual mass discrepancy vs. temperature after subtraction of X-ray gas, the BCG and of the maximum contribution of neutrinos (black diamonds) and for the case with no neutrinos (red stars). In the case of significant neutrino contribution, this discrepancy is a fairly constant value of ∼ 10 13 M ⊙ for T > 3 keV but drops steadily to zero for T < 3 keV. If neutrinos are not present, the hidden mass continues to rise with temperature. in e.g. some compact form (very dense clumps of cold gas of only a Jupiter mass and a temperature of a few Kelvins, see Pfenniger & Combes 1994) which would fulfill the requirement of collisionless nature. Of course the formation and stabilization of these cold compact clouds in clusters should then be theoretically investigated in detail in the fu- Figure 9 . Shows the scaling of the residual mass discrepancy as a function of BCG luminosity, with (diamonds) and without (stars) neutrinos. The scaling may reflect the deeper potential well heating the neutrino fluid allowing a higher density far beyond that allowed by the mean cluster temperature, or the fact that dark matter in the form of cold gas is more present in brighter galaxies. More trivially, it is just the natural expectation of brighter galaxies residing in more massive clusters.
ture, to e.g. explain exactly how they would not form stars, and would not be detected by absorption in X-rays.
Transition temperatures
There is an increase in significance of the residual mass component left after the subtraction of gas and neutrinos for lower temperature clusters. Furthermore, for groups below 2keV, the contribution of neutrinos is negligible compared to the X-ray gas. Conversely, neutrinos are of great importance in the dynamics of clusters hotter than 2keV and subsequently are likely to help seed the collapse of these structures from cosmological perturbations. hierarchically, whereas hotter clusters collapse monolithically.
On the other hand, it is well known that stellar dynamical studies of elliptical galaxies generally do not require dark matter. Consequently, it is not surprising that they have also been shown to be consisent with MOND (Milgrom & Sanders 2003) . In addition, there are the groups of galaxies studied by Milgrom (1998 Milgrom ( ,2002 and which appeared consistent with no dark matter. However, since those studies suffer from the well-known degeneracy from slight freedom in the M/L and velocity dispersion anisotropy, which allows a wide range of mass profiles to be consisent with the data, we can only be certain that HSB galaxies like those studied by Sanders & Noordermeer (2007) are fully consistent with MOND and no abundance of galactic DM. Below systems of this mass (at least) there is no need for DM.
Studies of very X-ray luminous elliptical galaxies have not generally examined the viablity of alternative gravity theories. One exception in NGC 720, where the observed misalignment of the major axis of the stars and hot gas, along with the elongation of the X-ray isophotes, has been suggested to imply a substantial mass discrepancy (Buote & Canizares 1994; Buote et al. 2002) ; The requirment of DM at 0.6keV and no requirement for HSBs (and possibly X-ray dim ellipticals and galaxy groups), necessitates a transition temperature below which the residual mass deminishes in importance and above which it increases in importance, peaks (between 0.6keV and 2keV) and then falls at higher temperatures. Why systems cooler than 0.6keV show virtually no mass discrepancy in MOND must be related to the formation mechanism of such systems, and to the nature of the residual mass component found in X-ray groups. Let us note that the very presence of this residual mass seems to be synonymous with the ionised gas and X-ray emission, which might hint at the presence of similar quantities of unseen cold gas that can explain this residual mass.
CONCLUSION AND DISCUSSION
We have used high quality data to show that galaxy groups and clusters in MOND either require a huge collisionless baryonic component (e.g. dense clumps of cold gas) to make up for all the hidden mass (60-80% of the total dynamical mass at the last observed radius, a percentage dropping afterwards), or require a less important to-be-discovered residual mass in the central 120 kpc if 2 eV neutrinos make their maximum contribution to the density of the cluster. In the latter case, the residual mass after taking into account the neutrinos corresponds to a mass-to-light ratio between 2 and 11 for the BCG in the K-band. This is confirmation of the result of PS05, however, we have probed far lower masses (< 10 13 M⊙) and have shown that this residual mass component, which is present in all known X-ray bright systems hotter than 0.6keV, is the dominant one for groups < 2keV . The residual component in the clusters of PS05 is far less significant (a few %). This residual mass in groups is far more significant as it completely dominates the dynamical mass as neutrinos cannot cluster densely enough to contribute meaningfully. The total residual mass does still increase with temperature, but the significance decreases because the density of neutrinos increases more rapidly with temperature (i.e. ρν ∝ T 3/2 ). This leads us to believe that, if MOND is correct, the current baryon inventory of galaxy clusters is unfinished and that the unaccounted for baryons known to exist from arguments of Big Bang Nucleosynthesis (depending on the fraction residing in the WHIM) are indeed buried in the central regions of clusters in some hitherto undetectable form. Constraints from the bullet cluster tell us that this mass must be compact and cool. This could hint at very small dense clumps of cold gas (or alternatively at the existence of a 4th sterile neutrino of large mass). Furthermore, if ordinary neutrinos do indeed have a 2 eV mass, only clusters beyond 2keV have halos of neutrinos in MOND, the cooler groups below 2keV being thus fully dependent on this to-be-discovered dark baryonic matter. Searches for this baryonic dark matter are crucial for the future of astronomy and should begin in earnest.
